Abstract
Introduction
directions and at new intensities, and the degree to which species respond6
Model of population dynamics 110
We consider a population that consists of hermaphrodite individuals living in a 111 spatially-extended habitat modeled as a vector of length K, where K is the carrying 112 capacity of the system (i.e., maximum number of individuals supported). This 113 means that only one individual can occupy each element j =1…K of the vector, and 114 introduces density-dependent population regulation through a ceiling effect, as 115 described below. We assume that individuals cannot move, therefore an individual 116 occupies the same element during the simulation. 117
The populations has discrete generations (i.e., reproduction is discrete in time) and 118 is composed of N(t) individuals. Generations are overlapping, meaning that parents 119 do not die after reproducing. Each individual is characterized by a single 120 quantitative trait φ with value ranging from 0 to 1. The population lives in a habitat 121 characterized by an optimum phenotype Θ(t) that exhibits temporal change. This is 122 assumed to result from variations in a climate variable, such as rainfall or 123 temperature, selecting for a phenotype. The degree of maladaptation between the 124 optimum phenotype Θ(t) and a single trait φi defines the fitness of an individual.
125
The time step is one year. 126
In general, the temporal change of the optimum phenotype may be either 127 directional, stochastic or a combination of both. A simple model for this is a 128 optimum phenotype Θ(t) that moves at a constant rate β µ per year, fluctuating 129 randomly about its expected value µ(t). We thus introduce a directional and 7 stochastic temporal change of the optimum phenotype (Fig.1a) . Θ(t) is randomly 131 drawn at each time step from a normal distribution Ν (µ(t),sd(t)), where µ(t) = µ0 + 132 β µ t and sd(t) = sd0 + βsdt. The probability p of an individual i with fitness f(i) survive to next year is: 147
where s is the selection pressure. With increasing s the habitat is more demanding 149 (for a given fitness f the probability of survival decreases). Since no individual can 150 be perfectly adapted to the moving optimum phenotype Θ, we did not account for a 151 decrease in survival probability with age (in case of constant Θ over simulation 8 time, accounting for it would be necessary to avoid the presence of individuals 153 living forever). 154
Offspring inherit the trait φ from its parents p1 and p2 as follows:
where φ 0 is the trait value of the offspring, φp 1 and φp2 are the trait values of the 157 parents, M represents mutation-segregation-recombination [22] and ε is random 158 number drawn from a uniform distribution bounded between (-1,1). We will refer to 159 M as simply mutation. 160
The Monte Carlo simulation at a time t during the simulation proceeds as follows: 161 1) We draw the optimum phenotype Θ(t) from Ν (µ(t),sd(t)).
162
2) We compute the fitness of individuals by applying Eq (1) and calculate their 163 survival probability by applying Eq (2). 164
3) We define the survival of individuals with Bernoulli trials. 165 4) We compute the total number of individuals alive N(t) and check the 166 distribution of trait φ in the population. A population is considered extinct if 167 at any time during the simulation there are less than ten individuals left. 168 5) We pick the first individual alive starting from j = 1. When the individual j is 169 alive, we check if the (j+1) individual is alive. If yes, the parents j and (j+1) 170 produce randomly from 1 to 4 offspring (we chose 4 as the maximumto allow for a quick rebound of population size after a strong reductionand repeat the procedure up to j= K. 177 6) As we assume that the optimum phenotype Θ(t) defines the whole time-step, Mean across replicates of the mean value of trait at the end of simulation 217 time, for the replicates in which the populations did not go extinct. 218
Results and discussion 219
In Fig. 1b we show the probability of catastrophes with the different scenarios of 220 variability of Θ. The probability of a catastrophe, that is of optimum phenotype 221 Θ(t) outside (0,1), reaches a maximum of 0.12 at the end of simulation time (t = 100) 222 for the most variable scenario (βsd = 0.0020). With the parameters we chose, there is 223 a higher probability of extreme events in the same direction as directional change 224
(more values of Θ > 1 than < 0 are expected), although the probability of both events 225 increases over the simulation time (Fig. 1a) . In other words, with increasing 226 temperatures there is a higher probability of heat waves than of cold waves and 227 with increasing rainfall (and thus increasing flows) there is an higher probability of 228 floods than of droughts. 229
The consequences of different values of βsd for the probability of extreme events is directional change, the distribution of trait φ is "pulled" toward higher values over 252 simulation time, since there is a higher probability of extreme events in the same 253 direction as directional change (as previously discussed). 254
In Fig. 3 we present a phase diagram of equal probability of extinction in the 255 mutation-selection plane for each scenario of variability of Θ . The survival chances 256 of a population depend quite strongly on the selection pressure and decrease 257 substantially with increasing βsd for the same selection-mutation combinations, 258 indicating that populations could rarely adapt to a strong linear increase in variance 259 of Θ.
260
There is a range of the selection pressure values within all scenarios of variability in 261 which populations have some probability to persist (Fig. 3) . Outside this range, 262 broadly for s higher than 2.8, the probability of extinction increases in all scenarios. 263
If selection is too strong, then the distance between the average phenotype and the 264 optimum is small at any time during simulation, but the decrease in population size 265 induced by selection may be too high for population persistence. If the selection is 266 weaker, fewer individuals die from ill-adaptation and the population can persist 267 with a greater diversity in trait φ. Contrary to our results, Bena et al. [14] found that mutation is unfavorable to the 277 survival of a population in a constant environment, since it increases the probabilityof a mismatch of offspring phenotype to the environment optimum, even though 279 the parents might be well-adapted. Therefore, any level of mutation will result in 280 the production of non-optimal trait in a constant environment (given an adapted 281 population), but it will increase the probability of tracking a moving optimum and 282 thus increase the survival chances of a population. According to our results, even in 283 presence of high variability of the optimum phenotype Θ, high mutation increases 284 the probability of losing adaptations in the next generation and thus decreases the 285 probability of population persistence. When mutation is low, the population cannot 286 track the variations of Θ. In conclusion, for both mutation extremes (high or low 287 mutation) there is an increase in the probability of maladaptation, albeit for 288 different reasons, and consequent risk of extinction. 289
The influence of selection, mutation and βsd on the average time to extinction is (Fig. 1 ). An increase in selection pressure tends to 296 decrease time of extinction in all scenarios of variability. 297
In general, the system is able to track the directional component of the optimum 298 (Fig. 5) . The mean value of trait φ at the end of simulation time does not depend on 299 selection, therefore even for very small selective pressure and in presence ofsufficient mutation M, the mean value of trait φ follows the directional component 301 of Θ (Fig. 6 ). With no mutation or very low mutation, there is little potential for 302 adaptive shifts and thus the mean value of φ is largely determined by the optimum 303 phenotypes in the first few years (Fig. 6 ). For βsd = 0.0005 and βsd = 0.0010 the mean 304 value of trait φ in the population increases, and thus tracks the changes in µ(t), also 305 for very high mutation. In contrast, for βsd = 0.0015 and βsd = 0.0020 the mean value 306 of trait φ increases with increasing mutation, but with very high mutation the mean 307 value of trait φ tends to be lower than in scenarios with lower variability. Since in an 308 substantial fraction of replicates with high mutation the population went extinct 309 (Fig. 3) , we cannot exclude that for only a particular sequence of Θ near the end of 310 simulation time (resulting in mean value of trait close to 0.5) the populations were 311 able to persist, thus preventing more general insights. 
